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Caspases are proteases with an active-site cysteine
and aspartate specificity in their substrates. They are
involved in apoptotic cell death and inflammation,
and dysfunction of these enzymes is directly linked
to a variety of diseases. Caspase-8 initiates an
apoptotic pathway triggered by external stimuli. It
was previously characterized in its active inhibitor
bound state by crystallography. Here we present
the solution structure of themonomeric unprocessed
catalytic domain of the caspase-8 zymogen, procas-
pase-8, showing for the first time the position of the
linker and flexibility of the active site forming loops.
Biophysical studies of carefully designed mutants
allowed disentangling dimerization and processing,
and we could demonstrate lack of activity of mono-
meric uncleaved procaspase-8 and of a processed
but dimerization-incompetent mutant. The data
provide experimental support in so-far unprece-
dented detail, and reveal why caspase-8 (and most
likely other initiator caspases) needs the dimerization
platform during activation.
INTRODUCTION
Apoptosis is a highly regulated process in multicellular organ-
isms where unwanted or diseased cells self-destruct. It plays
a crucial role in all higher organisms. During embryonic develop-
ment it is important in shaping the nervous system, organs, and
extremities (Domingos and Steller, 2007). Later on, various intra-
or extracellular signals, such as genome damage, cytotoxic
stress, or environmental insults, can trigger apoptotic cell death
(Fumarola and Guidotti, 2004; Norbury and Zhivotovsky, 2004).
Moreover, it functions in the regulation of immune response,
for example, in elimination of virus-infected cells or selection of
educated immune T cells (Droin et al., 2008; Opferman, 2007).
Defects in the apoptotic machinery are closely linked to a variety
of developmental and neurodegenerative diseases as well as
cancer (Ekshyyan and Aw, 2004; Gerl and Vaux, 2005). Because
of its central role in maintaining homeostasis of cells in multicel-
lular organisms including mammals and humans, apoptosis has438 Structure 17, 438–448, March 11, 2009 ª2009 Elsevier Ltd All rigbeen extensively studied to provide a better basis to fight
diseases in which it is deregulated (Taylor et al., 2008). However,
despite extensive research apoptotic signaling is not fully under-
stood, and major questions remain unanswered, in particular
concerning the nature of and the interaction between the
different proteins involved in this process.
A crucial role during apoptosis is played by caspases, a class of
cysteine proteaseswith specificity for aspartic acid in the P1 posi-
tion of their substrates. A subgroup of them, called executioner
caspases, is responsible for thecleavageofa varietyof substrates,
which ultimately result in morphological changes associated with
apoptosis (Rupinder et al., 2007). They are produced in the cell
as inactive dimeric zymogens, and become activated by proteo-
lytic processing of a linker, an event that is orchestrated by
upstream so-called initiator or apical caspases. Processing sepa-
rates each catalytic unit of the dimer into a large (p20 or a) and
a small (p10 or b) subunit, and is subsequently followed by
a rearrangement of the linker and loops in order to form the active
site of the executioner caspases (Chang and Yang, 2000).
Although the activationmechanism of executioner caspases is
well understood, the exact mechanism of activation of initiator
caspases still needs to be established. In contrast to the dimeric
executioners of apoptosis, the initiators are expressed as inac-
tive monomeric zymogens. These apical caspases are activated
upon binding via their N-terminal prodomains tomacromolecular
complexes, such as the death-inducing signaling complex
(DISC), the apoptosome, or PIDDosome (Riedl and Salvesen,
2007; Tinel and Tschopp, 2004; Weber and Vincenz, 2001). By
that means they are brought into close proximity and dimerize.
Subsequent autoproteolytic cleavage of the zymogens results
in separation of the catalytic unit in two subunits. An additional
cleavage event between the prodomain and the catalytic domain
allows release of the active enzyme from the activation complex.
It was long debated whether dimerization or cleavage is respon-
sible for initiator caspase activity. Muzio et al. introduced the
induced proximity model, which postulates dimerization as the
sole requirement for initiator caspase activation (Muzio et al.,
1998). Experiments on caspase-8, using inducible dimerization
systems, revealed that caspase-8 can be activated by dimeriza-
tion, independent of cleavage of the linker. This finding was later
confirmed by other groups using different experimental
approaches, some of which were also applied to other caspases
(Boatright and Salvesen, 2003; Chang et al., 2003; Donepudi
et al., 2003; Pop et al., 2007).hts reserved
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Procaspase-8 Structure and Activation MechanismCaspase-8 is involved in the extrinsic pathway of apoptosis;
extrinsic, because of the origin of the apoptotic stimulus. This
pathway starts with binding of an extracellular Fas ligand to the
transmembrane Fas receptor. Ligand binding induces oligomeri-
zationof the receptor,whichprobably triggers intracellular confor-
mational changes. This results in binding of the adaptor molecule
FADD to the Fas receptor via homophilic death domain interac-
tions. FADD further recruits procaspase-8, which binds via its
N-terminal prodomain comprising two death-effector domains.
This prodomain is joined via a 50-residue linker to a 270 amino
acid catalytic domain, which contains two caspase-8 cleavage
sites forautoproteolyticprocessing.Twoadditional cleavagesites
exist within the catalytic domain, allowing it to be processed into
two different subunits, termed a or p18 and b or p11.
Several structures of active cleaved caspase-8 with different
inhibitors bound have been determined over the last years, and
substantially improved our understanding of substrate binding
and specificity (Blanchard et al., 1999, 2000; Watt et al., 1999).
In contrast, to date knowledge on the structure of the zymogen
and on conformational differences between the zymogen and
the active enzyme is still missing. Here we present the structure
of the catalytic domain of caspase-8 in its zymogen state that,
together with biochemical studies using mutants with different
properties for processing and dimerization, allows a description
of the activation and dimerization mechanism of caspase-8. We
experimentally identified two different factors important for
dimerization and showed the importance of cleavage on the
stabilization of active caspase-8.
RESULTS
Procaspase-8 Structure Determination
To investigate the activation mechanism of caspase-8, we
determined the solution structure of a single-chain mutant of
caspase-8 by using nuclear magnetic resonance (NMR)
techniques. Therein, Cys285 within the catalytic domain was
replaced by Ala in order to prevent intersubunit cleavage (the
numbering used follows the caspase-1 nomenclature; Cys360
in full-length caspase-8). Moreover, to facilitate the recombinant
production, the prodomain was excluded in the construct that
will be designated in this work as procaspase-8.
This mutant was expressed as a single-chain construct in
E. coli, purified tohomogeneity andcharacterizedbybiochemical
methods. Analytical ultracentrifugationmeasurements displayed
a single peak at30 kDa, characterizing it as purely monomeric.
This view was additionally confirmed by the line widths in the
[15N, 1H] heteronuclear single quantum coherence (HSQC) NMR
spectra (Figure 1A) even at concentrations as high as 1 mM, and
this observation is in clear contrast to the behavior of active
caspase-8, which exists in a monomer-dimer equilibrium.
Backbone and side-chain assignments were completed to
80% and 82%, respectively. Triple-resonance experiments on
deuterated samples were used for backbone assignments,
whereas HCCH total correlated spectroscopy (TOCSY)-type
experiments were used for assigning the side-chain resonances.
A detailed description of the assignment process is provided in
the Supplemental Data available online. Assignments in the
proton-nitrogen correlation maps could not be made for the first
ten N-terminal amino acids and for residues from loops 4 and 5.Structure 17, 4This is particularly surprising because no peaks without assign-
ments remained in the [15N, 1H]-HSQC spectrum. From inspec-
tion of the corresponding strips in the 3D triple-resonance and
15N-resolved nuclear Overhauser enhancement spectroscopy
(NOESY) spectra accidental overlap of these peaks with other
amide resonances can be excluded. Moreover, spectra
recorded at both 500 and 900 MHz did not yield additional
signals. We suspect that those signals are broadened beyond
detection due to conformational exchange processes. Excluding
these regions the completeness of the remaining parts of the
structure was 93% and 95% for backbone and side-chain
assignment, respectively.
Once the backbone assignment was completed 15N{1H}-NOE
measurements were exploited to analyze the backbone
dynamics of procaspase-8 (Figure 1B). Heteronuclear NOE
values larger than 0.7 indicate that the backbone of procas-
pase-8 is stably folded. In contrast, values in the linker region
decreased to between 0.4 and 0.5, characterizing this long
loop as being more dynamic or flexible but still partly structured,
a result that was later confirmed in the final structure.
The final structure calculation was based on 2229 NOE-
derived upper distance limits, and 236 torsion angle restraints,
obtained from the analysis of 13C a/b chemical shifts using the
program TALOS (Supplemental Data). The 20 structures with
the lowest energies were selected from a total of 200 computed
structures and further refined using the AMBER force field. The
root-mean-square deviation (rmsd) of the resulting ensemble of
conformers is 1.6 A˚, determined by fitting over the secondary
structure elements (see Table S1 for refinement statistics). The
conformer with the best energy statistics will be used below to
represent the NMR ensemble and to discuss the structural
features of procaspase-8 in solution.
The Structure of Procaspase-8
The structure of procaspase-8 displays the characteristic cas-
pase fold (Figure 1D). Therein, a six-stranded b sheet is formed
by five parallel and one antiparallel b strand. This core unit is sur-
rounded by five a helices, two and three of which flank the two
sides of the b sheet. Protruding from these elements are four
loops and the linker region. All loops extend from the same
side of the protein. Loop 1 contains a short a helix, encompass-
ing Ala245 to Lys250, which was also observed in active cas-
pase-8. Loop 2 constitutes the 40-residue long linker that
connects the two subunits of the catalytic domain and traverses
across the central b sheet along one side of the protein. The
loops and the linker region of procaspase-8 display increased
flexibility when compared with elements of secondary structure.
The less rigid character of these regions is reflected in increased
values of the rmsd (4.24 A˚ for backbone atoms) compared with
those of regions of regular secondary structure (e.g., 1.27 A˚ for
backbone atoms of the b sheet).
The b strands and a helices of procaspase-8 superimposewell
with the corresponding regions from active caspase-8 (rmsd of
2.4 A˚ on average, Figure 2A). Significant differences between
the two structures are contained in the loops and in the linker
region, which in the active enzyme form the binding pocket
with the active-site Cys. In procaspase-8 loop 1 is rotated along
a perpendicular axis by 90 compared with caspase-8 (Fig-
ure 2B). In the zymogen this loop is partially located where the38–448, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 439
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Procaspase-8 Structure and Activation MechanismFigure 1. Dynamic Analysis and Solution Structure of Procaspase-8
(A) 700 MHz [15N,1H]-HSQC spectrum of procaspase-8 recorded at 305 K.
(B) 15N{1H}-NOE of the backbone amide moieties of procaspase-8. Values between 0.7 and 1 indicate rigidity of the protein, whereas values below 0.5 imply
increasing flexibility. Values below 0 indicate complete loss of structure. Blank regions are due to amides that have not been assigned.
(C) Superposition of the backbone atoms of secondary structural elements of the 20 lowest-energy structures of procaspase-8 as determined by NMR. The
central b sheet is colored blue; the surrounding a helices are shown in red. The linker is depicted in green. The graphic was produced using MolMol (Koradi
et al., 1996).
(D) Stereo model of best energy structure of the 20-structure bundle. The color coding is the same as described in (C). The nomenclature of the different loops as
used in this publication is annotated on the structure. Loops 4 and 5 are not defined in the NMR structure and are modeled as smooth loops in the presented
stereo view. The actual position of these loops is unknown. This graphic was prepared using PyMOL (DeLano Scientific LLC, http://www.pymol.org).active site will be formed in caspase-8. In procaspase-8 the posi-
tion of this loop is defined by eleven NOEs between loop 1 and 3,
as well as by several contacts to the linker, that partially cover
loop 1 (Figures 2B and 3). Loop 3 is shifted slightly toward the
putative binding pocket (Figure 2C). Although the difference is
small, the corresponding signals are significantly shifted in the
active caspase-8 spectrum (see Supplemental Data for spectra).
Even though the backbone cannot be traced through loops 4 and
5 in the presented structure, we conclude that the substrate-
binding pocket is not present in procaspase-8. Furthermore,
the linker that is cleaved during activation covers most of the
putative active site region (Figure 2E). Modeling of the DEVD tet-
rapeptide as observed in the caspase-8 X-ray structure into the440 Structure 17, 438–448, March 11, 2009 ª2009 Elsevier Ltd All rigcorresponding region of procaspase-8 clearly indicates that
binding is impossible in the zymogen conformation.
Location, Orientation, and Processing of the Linker
To our knowledge, the structure presented here is the first
example of a procaspase in which the position of the linker is
structurally defined. Although the backbone dynamics reflected
in the 15N{1H}-NOE reveal the linker region to be more flexible
(Figure 1B), its approximate conformation is determined by
various NOE restrains that anchor the loop at various positions
(Figure 3). For example, the position of the linker in the vicinity
of the active site is defined by contacts formed between four
linker residues (Thr373, Gln376, Tyr380, Leu381) and twohts reserved
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Procaspase-8 Structure and Activation MechanismFigure 2. Comparison of Procaspase-8
(Blue) with Active Caspase-8 (Red), Respec-
tive Linker Rearrangements, and Substrate
Binding
(A) Superposition of the solution procaspase-8
structure with one caspase-8 monomer (1QTN).
The missing loops 4 and 5 are omitted in the pro-
caspase-8 structure.
(B–D) Differences in the positions of the loops and
the linker. The molecules are depicted in light
colors with the regions of interest shown in bright
colors. Arrows indicate the rearrangements of
the loops and the linker fragments during cas-
pase-8 activation. (B) The top panel shows the
rearrangement of loop 1 from procaspase-8 to
caspase-8. The lower panel shows the NOE
restrains defining the position of the procaspase-8
loop 1 respective to loop 3. For simplicity protons
are omitted and restrains applied to the corre-
sponding carbons. The involved residues are pre-
sented as labeled sticks. (C) Rearrangement of
loop 3 during caspase-8 activation. (D) Relocation
of the linker after processing. The P1 Asp of the
two cleavage sites are shown as labeled sticks.
The arrows define the movement of the C-terminal
part of the a subunit (L2 loop) and the N-terminal
part of the b subunit (L20 loop). The central ten
amino acids of the linker are removed during
processing.
(E) Binding of a DEVD tetrapeptide (yellow sticks)
to the active site pocket of caspase-8 and
modeling of the inhibitor into the corresponding
region of procaspase-8. The linker is shown in
green.residues from loop 1 (Arg248, Gln249). In addition, NOEs are
observed between linker residue Y392 and three residues
located in loop 3 (K320), in the third a helix (I333) and in the fifth
b strand (M403), thereby establishing the position of the linker
relative to the core of the protein. Whereas the linker in procas-
pase-8 forms multiple intramolecular contacts, the cleaved frag-
ments in the active caspase-8 dimer are dramatically shifted in
position (Figure 2D). The C-terminal end, which is denoted as
the L20 loop, detaches from the protein core. The N-terminal
fragment, termed L2 loop, extends along the top of the molecule
toward the second protomer, where it is trapped into a pocket
formed by the core and the L20 loop of the second monomer
(Figure 5B). The active-site cysteine is located at the N-terminal
end of the linker close to the end of the last (third) b strand of the
a subunit. In the published X-ray structures of caspase-8, this
cysteine is easily accessible to the substrates. In the procas-
pase-8 NMR structure, Ala285, which replaces the active site
cysteine, is buried by the linker. Movement of the linker shifts
the active site cysteine by about 6 A˚ into a substrate-accessible
position in active caspase-8.
The procaspase-8 linker contains two potential cleavage sites,
VETD and LEMD. The present literature and our own data indi-
cate that both cleavage sites can be processed intermolecularly
by a proximal protease, which could either be another caspase-8
dimer or a different protease such as granzyme B (Chang et al.,
2003; Muzio et al., 1998; Pop et al., 2007). Interestingly, cleavage
sites might also be susceptible for intramolecular self-process-
ing by the active site cysteine. Analysis of the ensemble of
conformers derived from NMR shows a high flexibility in the
linker region with some conformers adopting an arrangement
of the linker with the cleavage recognition motifs close to the
region, where the active site is formed in caspase-8.
Figure 3. Definition of the Position of the
Linker by NOE-Derived Restrains
Observed NOEs between linker residues (green)
and the rest of the protein (blue) are indicted by
dashed lines. For clarity the hydrogen positions
are omitted and the constraints applied to the
corresponding carbons.Structure 17, 438–448, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 441
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Procaspase-8 Structure and Activation MechanismDimerization might be the trigger responsible for forming the
binding pocket and shifting the linker into it. Thus, we postulate
that the two cleavage sites can be processed in different fash-
ions, intermolecular and intramolecular.
Both Cleavage Sites Have to Be Processed
for Full Activity of Caspase-8
Different processing experiments have shown that both
cleavage sites can be processed intermolecularly, but the ques-
tion remains whether cleavage at one particular site is required to
allow access to the second site. Accordingly we designed
single-chain active caspase-8mutants with Ala in the P1 position
of either one of the two cleavage recognition motifs (Figure 4). At
high concentrations, both mutants D374A and D384A are pro-
cessed into the individual subunits by cleavage at their intact
cleavage site.
Because both sites can be processed individually, we have
addressed how single processing of the linker at these unique
sites influences dimerization and activity. In this study, the
double mutant DDAA (D374A, D384A) and wild-type caspase-8
define the initial and final states during activation from the
zymogen to the active protein. Table 1 summarizes the data on
oligomerization as derived from analytical ultracentrifugation.
Figure 4. Overview of Caspase-8 Constructs
Shown is the catalytic domain of caspase-8. The two subunits are defined as
squares. The positions of the single amino acid substitutions and truncations
are indicated (full-length caspase-8 numbering; C285A in accordance with
caspase-1 numbering).442 Structure 17, 438–448, March 11, 2009 ª2009 Elsevier Ltd All rigBoth single-point mutants are less prone to forming dimers,
but the affinity for homodimerization is much more reduced in
the case of D384A. At a concentration of 100 mM this mutant
exists exclusively as a monomer, whereas low populations of
dimers are encountered at higher concentrations. Thus, pro-
cessing at both cleavage sites is necessary for forming dimers
at levels comparable to those of the wild-type protein.
Structural changes in the active site of these mutants were
monitored by shifts of the fluorescence maxima of a single tryp-
tophan, Trp420, which is located in the b subunit near the S2 and
S4 subsites of the active-site pocket and is able to form
a hydrogen bond to the P1 Asp of the substrate (Blanchard
et al., 2000). Thus, structural changes close to the active site
can be monitored conveniently by fluorescence spectroscopy
(Table 1). Absorption maxima at 350.57 nm and 353.47 nm occur
for wild-type caspase-8 and the DDAA mutant, respectively,
indicating amore exposed Trp environment in DDAA than in cas-
pase-8. The absorption maxima in the single-point mutants are
351.3 nm in case of D374A, which is closer to the value of cas-
pase-8, and at 352.3 nm for D384A, which resembles more the
one of procaspase-8. These data point to a clear difference in
the structural organization of the active site in procaspase-8,
caspase-8, and the partially processed enzymes.
In order to characterize the relationship between dimerization,
structural active-site rearrangements, and activity we measured
the enzymatic activity of all mutants using the artificial Ac-DEVD
7-amino-4-methylcoumarin (AMC) substrate (Table 1). As
expected from previous studies, the double mutant DDAA is
strongly impaired in activity. D374A shows only a mild decrease
in activity when compared with wild-type caspase-8, likely due
to reduced dimerization propensity. Considering the highly
reduced tendency for dimerization, it was surprising that
D384A displays a substantial amount of activity.
Dimerization Is Important for Caspase-8 Activity
Activation of initiator caspases has often been explained using
the induced proximity model, which proposes a direct relation-
ship between dimerization propensity and activity (Muzio et al.,
1998). Previously, it has been shown that the dimerizationmutant
T390D (Thr467 in our structure) is unable to induce apoptosis in
HEK293 cells (Boatright et al., 2003). This mutant introduced
a negative charge into the dimerization interface of caspase-8,
which most likely results in repulsion between the monomers.
Because the previous results allow no statements regarding
the processing capability of that mutant we further elucidate
the role of dimerization and processing for caspase-8 activity
by characterization of a F468A mutant (Figure 4). Phe468 is
located next to the previouslymutated Thr in the terminal b strand
of caspase-8. It is important to note that mutation of the Phe to
Ala does not introduce repulsive effects similar to those
observed for T390D. Instead, Phe468 forms intermolecular
contacts with Pro466 of the other protomer (Figure 5C). Interac-
tions of Pro and aromatic residues are known to play a pivotal
role in the formation of tertiary and quaternary structures (Bhat-
tacharyya and Chakrabarti, 2003; Gellman and Woolfson, 2002;
Neumoin et al., 2007).
As anticipated, the F468A mutant of caspase-8 cannot
process itself, although the active site cysteine is present. No
cleavage was observed, even at a concentration of 1 mM athts reserved
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Procaspase-8 Structure and Activation Mechanism305 K for several days (data not shown). This mutant exclusively
exists as a monomer according to analytical ultracentrifugation.
Moreover, the [15N,1H]-HSQC spectrum is highly similar to the
one of procaspase-8, both with respect to line widths and posi-
tion of the vast majority of peaks (see Supplemental Data for
more details) Furthermore, no binding of the artificial Ac-
DEVD-AMC substrate was observed (Table 1), clearly indicating
that dimerization is a precondition for caspase-8 activity and
self-processing.
Althoughmutants at the dimerization interface were previously
designed as single-chain constructs, we also introduced aF468A
mutation into an individual b subunit (Figure 4). Upon mixing with
an unmodified a subunit, the processed enzyme was reconsti-
tuted. This ab-F468A mutant can not dimerize and as the corre-
sponding single-chain mutant it possesses no activity, indicating
that cleavage alone is not sufficient for activity (Table 1).
Surprisingly, both the single- and the two-chain F468A
mutants display the same fluorescence maximum, indicating
Figure 5. Structural Features Important for
Dimerization of Caspase-8
(A) Backbone trace of caspase-8. The caspase-8
dimer is shown in red and the linker in green.
(B) Close-up highlighting L2 loop interactions.
Caspase-8 has the same orientation as in A, with
one caspase-8protomer being shownas a cartoon
and the other as a surface presentation. The L2
loop of one protomer occupies a pocket formed
by the L20 loop and the core of the other protomer.
L2 loop residues that are deleted in the a-trunc
mutant are shown as sticks.
(C) Interaction of Pro and Phe residues at the
dimerization interface. The molecule is rotated by
180 compared with (A), now viewing from the
back side of the dimer. Side chains of Pro466
and Phe468 are shown as green sticks.
Table 1. Biochemical Analyses of Caspase-8 Mutants
Mutant Fluorescence lmax (nm)
Activity [rfu/s]
(% Wild Type) Concentration (mM)
Sedimentation
Coefficient Sexp Monomer/Dimer [%]
Procaspase-8
(C285A)
353.38 — 1200 2.4 ± 0.033 / – 100 /—
Caspase-8
(wild type)
350.57 11.37 ± 0.71 (100%) 100 2.7 ± 0.020 / 4.0 ± 0.030 33 / 67
250 2.4 ± 0.022 / 3.9 ± 0.035 29 / 71
500 2.2 ± 0.021 / 3.4 ± 0.033 21 / 79
D374A 351.38 8.80 ± 0.82 (77%) 100 2.4 ± 0.013 / 3.7 ± 0.020 48 / 52
250 2.3 ± 0.014 / 3.8 ± 0.023 40 / 60
500 2.4 ± 0.020 / 3.9 ± 0.032 39 / 61
D384A 351.94 7.37 ± 0.76 (65%) 100 2.8 ± 0.017 / – 100 /—
250 2.6 ± 0.020 / 3.7 ± 0.028 58 / 42
DDAA 353.47 0.11 ± 0.01 (1%) 100 2.4 ± 0.016 / – 100 /—
250 2.4 ± 0.019 / – 100 /—
500 2.5 ± 0.022 / – 100 /—
1000 2.4 ± 0.021 / – 100 /—
a-Trunc 351.53 0.33 ± 0.03 (3%) 100 2.3 ± 0.035 / 3.8 ± 0.057 70 / 30
250 2.5 ± 0.022 / 3.8 ± 0.034 49 / 51
b-Trunc 349.52 12.42 ± 1.01 (109%) 100 3.0 ± 0.020 / 4.1 ± 0.029 31 / 69
250 2.4 ± 0.020 / 3.8 ± 0.031 22 / 78
500 2.2 ± 0.029 / 3.5 ± 0.047 18 / 82
F468A 353.38 0 (0%) 100 2.4 ± 0.022 / – 100 /—
250 2.5 ± 0.021 / – 100 /—
500 2.2 ± 0.029 / – 100 /—
ab F468A 353.38 0 (0%) 100 2.4 ± 0.019 / – 100 /—
250 2.5 ± 0.024 / – 100 /—
500 2.2 ± 0.019 / – 100 /—Structure 17, 438–448, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 443
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Procaspase-8 Structure and Activation MechanismFigure 6. Structure and Sequence Comparison of Procaspase-8 with Other Caspases
(A) Superposition of procaspase-8 (blue) and procaspase-7 (brown, Protein Data Bank code 1K88). The proteins are depicted in light colors with the linker resi-
dues indicated in bright blue and brown, respectively. The X-ray structure for procaspase-7 reveals only the termini of the linker.
(B) Sequence alignment of the linker segment of different initiator procaspases and the executioner procaspase-7. The caspase cleavage recognition motifs are
highlighted.very similar active-site arrangements in both proteins (Table 1).
Furthermore, [15N,1H]-HSQC spectra of F468A and ab-F468A
are mostly identical (Supplemental Data). Peaks corresponding
to the linker residues from the L2 and L20 loop in ab-F468A
have not changed their positions, whereas signals from the
ten amino acids removed upon cleavage and their directly adja-
cent residues disappeared. Previous studies from the Salvesen
group indicate that cleavage alone is not sufficient for activity
(Boatright et al., 2003; Pop et al., 2007). The above results allow
us to conclude that cleavage does not immediately result in the
rearrangements of the L2 and L20 loops, which are necessary to
form the active site. After cleavage both linker fragments
remain in the zymogen conformation. In contrast to the ab-
F468A mutant, signals in the [15N,1H]-HSQC spectra belonging
to residues in the L2 and L20 loops of dimeric wild-type cas-
pase-8 are largely shifted, indicating different positions of these
loops in the dimeric cleaved protein (Supplemental Data). Thus,
we conclude that dimerization is necessary to induce loop rear-
rangements not only in uncleaved caspase-8 but also in the
cleaved enzyme.
Caspase-8 Processing Is Important in Stabilizing
the Active Dimer
The observation that monomeric procaspase-8 possessing an
intact linker is transformed into cleaved dimeric active cas-
pase-8 suggests that the linker might regulate dimerization in
two different ways: the unprocessed linker could sterically inter-
fere with dimerization, or the cleaved linker could stabilize the
formed dimer. The linker does not directly influence dimerization
because it is not positioned in the dimerization region. That result
is consistent with prior research on dimeric procaspase-7 that
defines that linker in a place similar to the linker in procaspase-8
(Chai et al., 2001) (Figure 6). Several groups have stated that444 Structure 17, 438–448, March 11, 2009 ª2009 Elsevier Ltd All rigthe L2 loop contributes important interactions for stabilizing
the caspase-8 dimer (Boatright et al., 2003; Shi, 2004). However,
to our knowledge no experimental evidence for this hypothesis
can be found in the literature. In order to experimentally test
this hypothesis, a set of mutants was designed where the
a and b subunits were truncated C and N terminally, respectively
(Figure 4). In active dimeric caspase-8, the L2 loop is sand-
wiched between the L20 loop of the other protomer and its
core (Figure 5B). The truncations are made such that the inter-
acting parts of the two subunits are removed. Dimerization
states of these a-trunc and b-trunc mutants were analyzed by
analytical ultracentrifugation. At a concentration of 100 mM the
dimeric form in wild-type caspase-8 is populated to 67%,
whereas only 30% dimers can be detected for the C-terminally
truncated a mutant (Table 1). This mutant is also almost
completely devoid of activity. In contrast, the b-trunc mutant
revealed a slight but reproducible increase in dimerization
accompanied by a small increase in activity. This result was
very surprising because it was believed that the L20 loop is
needed to stabilize the dimer and the active site (Boatright and
Salvesen, 2003).
DISCUSSION
Programmed cell death is a biological process of prime impor-
tance, and therefore has been in the focus of research for
a long time (Fernandez-Flores et al., 2002). It was almost
a decade ago that Salvesen and coworkers introduced the
induced-proximity model to explain activation of initiator cas-
pases (Muzio et al., 1998). The concepts and mechanisms for
triggering initial steps during apoptosis were clearly described
in their seminal work (Pop et al., 2007, 2006; Renatus et al.,
2001), but some of the molecular and structural eventshts reserved
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Procaspase-8 Structure and Activation Mechanismunderlying this mechanism await experimental verification. This
work is set out to present structural and biochemical data that
describe these events and allow refining of the mechanism.
Activation of procasepase-8 is achieved through dimerization
with subsequent processing of the intersubunit linker (Chang
et al., 2003; Donepudi et al., 2003; Muzio et al., 1998; Pop
et al., 2007). To our knowledge, the structure of procaspase-8
described in this work for the first time reveals the position of
the intersubunit linker in an initiator procaspase. The active-
site mutant of procaspase-8 is monomeric and assumes the
typical caspase fold. The long intersubunit linker is partially flex-
ible but clearly located on one side of the central b sheet. High
local concentrations of caspase-8 in vivo or in vitro trigger its
cleavage, and the resulting species is predominantly dimeric
(Muzio et al., 1998; Watt et al., 1999). Using a set of mutants,
two factors particularly important for dimer stabilization are
observed: (i) formation of contacts involving the cleaved linker
fragments, and (ii) p-Pro interactions at the central dimerization
interface. The combination of structural, biochemical, and
biophysical data in this work support many aspects of the
induced-proximity model in unprecedented experimental detail
and additionally augment new aspects to refine the mechanism.
An interesting general observation is that the intersubunit
linker in initiator caspases is longer compared with those found
in executioner caspases (Figure 6B). The presented structure
of procaspase-8 reveals this linker to be highly flexible. The linker
might thereby adopt different conformations, some of which are
suitable for substrate binding, explaining basal activity of unpro-
cessed initiator caspases. Dimerization most likely triggers
conformational changes in the linker and the catalytic loops,
allowing the active site pocket to form and become accessible
for substrate binding, even without proteolytic cleavage. This
hypothesis is supported by the observation that caspase-9,
which acts in vivo as an uncleaved dimer (Stennicke et al.,
1999), possesses a much longer linker that upon dimerization
might allow rearrangement of the unprocessed linker and result
in formation of the active site. This implies that the longer linker of
the initiator caspases might be important for their basal activity.
The induced proximity model proposes that dimerization is the
trigger for initiator caspase activity but not cleavage (reviewed in
Chao et al., 2005; Salvesen and Dixit, 1999; Shi, 2004). This view
is strongly supported by our data on the F468A mutants. Single-
chain F468A is monomeric and structurally highly similar to pro-
caspase-8 but cannot process itself. The cleaved form is again
structurally similar to procaspase-8, and therefore it is evident
that dimerization but not cleavage is the event responsible for
the structural changes.
Proximity-induced dimerization of procaspase-8 at the activa-
tion platform DISC is necessary to induce cleavage of the linker,
which subsequently results in increased affinity for dimerization
even when caspase-8 is released from the DISC (Boatright and
Salvesen, 2003). The L2 loop of the cleaved linker extends
over the other protomer as shown in several X-ray structures
(Blanchard et al., 1999, 2000; Watt et al., 1999). This interaction
stabilizes the dimer by formation of several hydrogen bonds to
the other protomer, and the resulting structural changes addi-
tionally allow formation of the active site. Without this stabilizing
effect caspase-8 activity is reduced to almost the zymogen level.
Surprisingly, regardless of the multiple interactions between theStructure 17,L20 and the L2 loops, the L20 loop seems to not contribute signif-
icantly to dimer stability. Truncation of the L20 loop results in only
a modest effect on dimerization propensity and activity. This
observation suggests that interactions of the L2 loop with prox-
imate residues of the b subunit of the second protomer are suffi-
cient to keep L2 in place. In contrast, L2 to L20 interactions, even
though they might be comparably strong, do not seem to criti-
cally contribute to dimer stability. Considering that L20 is not
located in vicinity of the active site, alterations in its position or
length are not expected to influence activity, compatible with
the results of this study.
Interestingly, not only truncation of the L2 but also elongation
of the L2 and L20 loops has an effect on dimerization. We clearly
demonstrate that processing of both cleavage sites is important
to achieve full caspase-8 activity. Elongation of either one of the
linker fragments by an additional ten residues significantly
affects dimerization and catalytic activity. An optimal length of
the linker fragments after autoproteolytic processing seems to
be crucial for optimal caspase activity. Analysis of different
mammalian caspase sequences revealed that, in contrast to
executioner caspases, they all contain two cleavage sites in their
intersubunit linkers (Figure 6B). Thus, one could speculate that
nature developed a mechanism to process the longer linker of
initiator caspases into fragments with an optimal length for dimer
stabilization and active-site rearrangement.
The crystal structure of the caspase-8 dimer and our linker
truncation experiments revealed stabilizing interactions of resi-
dues from the processed linker (Blanchard et al., 1999; Watt
et al., 1999). Although these interactions most likely make
a significant contribution to dimer stability, they are obviously
insufficient to induce dimerization at the low concentrations
in vivo. The KD for homodimerization of the caspase-8 catalytic
domains was proposed to be in the low micromolar range, well
above its nanomolar in vivo concentration (Boatright et al.,
2003; Donepudi et al., 2003). Instead, binding of their prodo-
mains to the activation complex increases their apparent
concentration and thereby enforces dimerization. Subsequently,
depending on the specific type of caspase, the dimers are stabi-
lized differently. Caspase-9, for example, remains attached to
the apoptosome during its course of action (Bao and Shi,
2006). In contrast, caspase-2 forms a stable disulfide bridge in
the dimerization interface (Schweizer et al., 2003). In the case
of caspase-8 the dimer is stabilized twofold: by translocation
of the cleaved linker followed by formation of stabilizing intersu-
bunit contacts, and through interactions at the dimerization inter-
face. The structure of the caspase-8 dimer reveals close prox-
imity of Phe468 to Pro466 of the other protomer. Interactions
between Pro residues and p-systems are strongly stabilizing in
nature (Bhattacharyya and Chakrabarti, 2003; Gellman and
Woolfson, 2002; Neumoin et al., 2007). Replacement of
Phe468 by Ala completely abolishes affinity for dimerization,
and makes the mutant cleavage-incompetent. Because the
overall fold is not affected by the Phe to Ala mutation, it indicates
that an interaction directly required for dimerization has been
removed.
Each of the analyzed mutants—the cleavage site mutants, the
linker truncation mutant a-trunc, and the dimerization mutants
F468A (Figure 4)—reveal a significant impact on the affinity for
dimerization accompanied by changes in catalytic activity. This438–448, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 445
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and proper cleavage is necessary to achieve full caspase-8
activity. The two dimer-stabilizing effects analyzed in this article
provide an explanation for the stability of caspase-8 dimers even
after release from the DISC. Our structural and mutational
studies prove that dimerization is indispensable for formation
of the active site and thus for catalytic activity. This finding fully
supports the proximity-induced dimerization model. In addition,
our data demand a refinement of this model: it has to take into
account that cleavage is necessary to retain dimerization after
the enzyme is released from the activation complex, and is
thus closely linked to the activation process of initiator caspases.
EXPERIMENTAL PROCEDURES
Protein Design, Expression, and Purification
For single-chain constructs, the DNA sequence coding for human caspase-8
amino acids 217–479 was cloned into pQE50 (QIAGEN). The plasmid was
transformed into M15 (pREP4) cells (QIAGEN) and the protein expressed in
Luria Broth medium at 37C overnight. Two-chain constructs encompassed
amino acids 217–374 for the a subunit and 385–479 for the b subunit. The frag-
ments were cloned into pET-11d(+) (Invitrogen) and expressed in BL21(DE3)
cells as described above. Amino acid substitutions were generated by Quik-
change (Stratagene) mutagenesis. Linker truncations were prepared by inser-
tion of a preliminary stop codon in the a subunit or deletion Quikchange muta-
genesis on the b subunit.
Purification protocols were adapted from published procedures (Garcia-
Calvo et al., 1999; Watt et al., 1999). Cells were harvested, resuspended in
phosphate-buffered saline, and lysed by French press. The soluble protein
fraction was removed by centrifugation, and inclusion bodies were washed
(in 20 mM Tris [pH 8.0], 1 mM ethylenediaminetetraacetic acid [EDTA], 0.1%
LDAO) and solubilized (in 6.5 mM GdHCl, 20 mM Tris [pH 8.0], 2 mM EDTA,
100 mM dithiothreitol [DTT]).
Refolding of two-chain constructs was achieved by dilution of equimolar
amounts of the solubilized subunits into 100 mM HEPES (pH 7.5), 10%
sucrose, 0.1% CHAPS, and 10 mM DTT. After incubation over night at RT
the precipitate was removed by centrifugation. The soluble fraction was
concentrated, dialyzed against 20 mM HEPES (pH 7.5), 10% sucrose, and
10mMDTT, and applied to a ResourceQ anion exchange column (Amersham).
Elution was done with a NaCl gradient and protein fractions were applied to
a Superdex 200 (Amersham) using 20 mM Tris (pH 8.0), 100 mM NaCl, and
10 mM DTT.
The solubilized inclusion bodies of the single-chain constructs were added
to an equal volume of acetic acid and the sample dialyzed against 50% acetic
acid. Afterwards the solution was suspended rapidly in nine volumes H2O and
immediately diluted in nine-fold excess of 1 M Tris (pH 8.0) and 5 mM DTT.
Refolding was performed overnight at room temperature and aggregates
removed by centrifugation. During the subsequent concentration step, auto-
catalytic processing took place for thosemutants that are able to form a proper
active site. Final purification was achieved by size exclusion chromatography
as described above.
Isotope labeling for NMR experiments was done by expression in M9
minimal media supplemented with 15NHCl4 and
13C-glucose as the sole
nitrogen and carbon source. Deuteration was obtained by substitution of
H2O with D2O. Purification was performed as described above and the final
NMR sample rebuffered into 20 mM deuterated Tris (pH 8.0), 100 mM KCl,
and 10 mM DTT. The ab-F468A mutant was generated by addition of catalytic
amounts of unlabeled active caspase-8 to labeled single-chain F468A and
subsequent size exclusion chromatography.
Assignment and Structure Calculation
All NMR experiments were recorded at 305 K on a Bruker Avance 600 or 700
MHz spectrometer. For backbone assignment an approximately 79% deuter-
ated, uniformly 13C,15N-labeled sample was used. HNCACB / HN(CO)CACB
spectra (Shan et al., 1996) and HN(COCACB)CG / HN(CACB)CG spectra
(McCallum et al., 1998) were used to link sequential amide moieties via match-446 Structure 17, 438–448, March 11, 2009 ª2009 Elsevier Ltd All riing pairs of Ca/Cb andCg resonances. In addition, assignment was conducted
via matching carbonyl frequencies derived from the HNCO / HN(CA)CO exper-
iments (Yamazaki et al., 1994). Sequential amide protons were linked in the
HN(CACO)NH experiment (Weisemann et al., 1993). A proton-detected
version of the steady-state 15N{1H} heteronuclear Overhauser effect sequence
was used for measurement of the heteronuclear NOE (Noggle and Schirmer,
1971).
Side-chain assignments were performed using HCCH-type experiments,
starting from assigned Ca, Cb, and Cg pairs (Bax et al., 1990; Olejniczak
et al., 1992) whose carbon chemical shifts were corrected for the deuterium
isotope shifts (Venters et al., 1996). The aromatic spin system were linked to
the aliphatic side chains using data from CB(CGCD)HD / CB(CGCDCE)HE
spectra (Yamazaki et al., 1993). Proton frequencies within the aromatic spin
systems were assigned using a constant-time HMQC-TOCSY experiment
(Zerbe et al., 1996).
Backbone and side-chain assignment was accomplished in the software
CARA (Keller, 2004). Thereafter, ATNOS (Herrmann et al., 2002b) was used
to automatically pick and integrate 15N- and 13C-resolved NOESY spectra.
In addition to NOE-derived upper-distance bounds, chemical shift information
was used to derive torsion-angle restraints in the program TALOS (Cornilescu
et al., 1999). After the first structure calculations, peak lists were further modi-
fied using the program XEASY (Bartels et al., 1995) and assignment of NOESY
crosspeaks was continued using the AUTOASSIGN module of CYANA (Gu¨n-
tert, 2004; Herrmann et al., 2002a). To improve convergence during the early
stages of the assignment/structure calculation process, the preliminary struc-
ture after the first cycle was replaced by template coordinates derived from
caspase-8 (excluding the loops and the linker). So-far unassigned fragments
were defined as proxy residues (Ab et al., 2006) andCYANAwas used to define
the proximate positions of these residues in the structure. The resulting coor-
dinates for the procaspase-8 structure were energy minimized in explicit water
using the AMBER force-field (Case et al., 1999; Pearlman et al., 1995).
Protein Characterization
The final masses of all purified constructs and cleavage products were
confirmed by electrospray ionization mass spectrometry. Protein concentra-
tion was determined by ultraviolet radiation and Bradford assay (Pierce).
Analytical ultracentrifugation was performed with an Optima XL-1 centrifuge
(Beckman Coulter) and a TI50 rotor using epoxy centerpieces (12 mm) with
sapphire windows. Samples were run at 20C and 42,000 rpm. Absorption
wasmeasured between 280 and 305 nm, depending on protein concentration.
Results were analyzed using Sedfit (Schuck et al., 2002).
Tryptophan fluorescence emissions spectra were recorded on a Fluorolog4
(Jobin Ivon) with a Peltier temperature controller set to 20C. The 2 mMsamples
were excited at a wavelength of 290 nm. Five consecutively measured spectra
were collected between 310 and 400 nm and averaged. The slit widths for
excitation and emission were 10 nm and 5 nm, respectively.
Activity measurements were performed in black 96-well Nunclon microtiter
plates on a GENios platereader (Tecan) using Magellan6 software. The final
sample volume of 100 ml contained 100 nM enzyme in assay buffer (20 mM
PIPES [pH 7.2], 1 mM EDTA, 100 mM NaCl, 0.1% CHAPS, 10% sucrose).
The reaction was started with addition of Ac-DEVD-AMC substrate at a final
concentration of 100 mM and AMC release was monitored by fluorescence
emission at 465 nm after excitation at 360 nm. Measurements were performed
in triplicates and the standard deviation was calculated.
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